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Abstract 
Vanadium oxide (VOx) thin films were deposited on fused quartz using a pure metal vanadium target by RF reactive 
magnetron sputtering technique. Film microstructure, valence state, optical transmittance properties were studied. 
The mixed valence VOx thin films deposited with different thickness were found to be amorphous. And the optical 
transmittance curves are flatness in certain wavelength region. These films can be used to control the relative light 
intensity of the rubidium light beam between the rubidium lamp and the vapor cell, in order to optimize the working 
parameters of the rubidium frequency standard (RAFS).
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1. Introduction 
Rubidium frequency standards have been widely used in many field and systems involving precision 
frequencies, such as TV broadcasting, telecommunications, and precision measurement systems [1, 2]. Especially in 
recent years, some application fields put forward a lot of requests for it; miniaturization and high-performance are 
hoped. The rubidium frequency standard consists of physics package and circuits. There are three main factors 
influence the stability, such as the light frequency shift, buffer gas collision frequency shift and microwave power 
frequency shift. Zero light shift and zero temperature coefficient of RAFS belong to the most significant factors that 
influence the long stability of RAFS [3]. There are two methods to control the relative incident light intensity onto 
the resonance cell, the one is to use organic polymers films, such as Teflon (PTFE), which are flexile, but these 
material exist an aging problem; another one is to use a mechanical device to block some area of the light aperture, 
which can be varied continuously, but the distribution of the incident light intensity on the resonance cell is not 
uniformity. Therefore, to find other method is necessary.  
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The metal vanadium exists in a number of oxide form, most of which are stable and applicable in numerous 
areas. These films have attracted much attention because of their metal-insulator transition properties. The phase-
transition temperatures of V2O3, VO2 and V2O5 are around -12ć68ć and 250ć, respectively. In recent years, 
many researches have been focused on thermochromic and electrochromic coloration of this material, or process 
method of preparing single phase material [4, 5]. Few works can be found on study of the optical attenuation 
properties of the mixture vanadium oxide films in visible-near infrared region. 
In this work, we have employed the reactive RF magnetron sputtering technique to deposit vanadium oxide 
films. The optical properties of the vanadium oxide thin films were studied in the visible-near infrared, and the films 
applied to control the light intensity in physics package of RAFS.  
2. Experiment details
Thin films of VOx were deposited onto 25mm fused quartz substrates by RF sputtering deposition. A RF 
power source was used to sputter a high purity vanadium target (99.95%) in an ambient of argon (99.995%) and 
oxygen (99.995%). The chamber was first pumped down toİ7.0×10-7Torr and a mixture of ultra-pure argon and 
oxygen gases was used as the background pressure maintained at 2.5 mTorr. The VOx thin films were deposited at 
different percentages of oxygen/argon ratio and substrate temperatures. The target was pre-sputtered in pure argon 
gas for 2-3 min before deposition. Oxygen gas was fed into the chamber through pipe near the substrate. And the 
effective substrate temperatures were controlled using a set of IR quartz lamps with appropriate heating controllers.
    The RF power on the vanadium target was set at 200W. The distance between target and substrate was maintained 
at ~17cm. the VOx thin films with different thickness were deposited at 40ćsubstrate temperature with 8.5% 
O:Ar ratio. The surface morphology and structural characterization of the film were examined using scanning probe 
microscope (SPM; Model: SHIMADZU SPM9500) and X-ray diffraction (XRD; Model: Rigaku DMAX2400) 
techniques, respectively. The stoichiometry was characterized using X-ray photoelectron spectroscopy (Model: VG 
Scitntific ESCALAB210). For optical transmittance characterization, some thin films with different thickness were 
measured at wavelengths from 350 to 1200 nm using a UV-VIS-NIR spectrometer (Model: Perkin Elmer Lambda 
900).  
3.  Results and discussion 
3.1 X-ray diffraction analysis 
Vanadium oxide films with different thickness were prepared at the same O2/Ar flow ratio and substrate 
temperature. The colour of all the films is gray, and become darker with the increased thickness. A XRD diffraction 
spectrum of VOx thin film deposited on a quartz substrate is presented in Fig. 1. All of vanadium oxide films 
showed the broad signal due to the amorphous quartz substrate. There is not any intensive peak in the XRD 
spectrum, therefore the film was found to be X-ray amorphous. 
                          Fig.1. X-ray diffraction pattern of VOx film prepared with 8.5% O /Ar ratio at 400ć substrate temperature 2
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3.2 Surface morphology 
The surface morphology of the film was analyzed. The SPM image of vanadium oxide film with thickness of 
55nm thickness is show in figure 2. The photography and SPM software analysis reveal a uniform growth of the 
film. It can be seen that the surface of the films is very smooth, and the average RMS (root mean square) roughness 
is less than 1 nm. 
Fig.2. SPM graph of VOx film with thickness of 55nm 
3.3 X-ray photoelectron spectroscopy 
Fig.3 shows the XPS spectra of VOx film. The recorded XPS spectra show three intensive peaks 
corresponding to the core level binding energies of O (1s), V (2 p ) and V (2p1/2 3/2), respectively. The main signal of 
the O (1s) spectrum has a binding energy at about 530 eV. The core level binding energy peaks, O (1s) and V (2 p), 
are used to characterize the chemical state of vanadium in the vanadium oxides, and imply mixed phases containing 
V2O3, V2O5. The V
5+ to V3+ ratio in the film is about 1.67.   
            Fig.3. X-ray photoelectron spectra of the same film in Fig.2 
3.4 Optical transmittance measurement 
We have measured the optical transmittance of vanadium oxide films on fused quartz at wavelengths from 350 
to 1200 nm using a UV-VIS-NIR spectrometer. The characteristic transmission of three films can be see in Fig. 
4a.The films with different thickness have different transmittance at the same wavelength. There is a strong 
absorption in ultraviolet region. The transmittance curves are flatness without interference at about 450~1200nm. 
The transmission of one film at different temperatures (22ć~9ć) is showed in Fig.4b. It was observed that the 
five curves are overlap, which indicate that the film can endure certain temperature and can be used in the range of  
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        Fig. 4a the transmittance curves of the VOx film with                           Fig. 4b the transmittance curves at different temperatures
thickness of 55nm, 35nm, 10nm, respectively 
22ć~9ć And this result fit the XPS data, shown that the film consists of V2O3, V2O5, which are stable in this 
temperature range, and difficult to change to other valence state [6].
3.5 Application in RAFS 
The vanadium oxide thin films prepared have been used to control the intensity of the light. The resonance 
frequency deviation is affected by the operating temperature of the rubidium cell, the pumping light intensity and the 
spectrum profile of the light incident on the resonance cell [7, 8]. But the change of the spectrum profile is unknown 
and uncontrolled, therefore the effective method was to find the suitable cell temperature and light intensity, in order 
to reduce the slope of the light frequency shift curve. In this light shift experiments, the integrated filter technique 
(IFT) was adopted, the light intensity was varied by means of vanadium oxide films with different thickness placed 
between the lamp and the resonance cell. It was observed that by controlling the level of light intensity of the 
rubidium light beam between the lamp and the cell, the variation in cell frequency is proportional to the light 
intensity, and there exists a cell temperature at which the resonance frequency remains extremely stable with 
changes in temperature. The condition corresponds to about 73ć of cell temperature. Further analyses on the results 
showed that , in this case, light shift and temperature coefficient are 2×10-11/10% and 3×10-11/ć, respectively.  
4. Conclusions 
In summary, VOx thin films have been deposited using reactive RF magnetron sputtering method. Results 
show that the amorphous films consist of mainly the V2O5 and V2O3, and have flat and stable optical transmittance 
curves. These films with different thickness can be used to adjust the relative optical intensity.  
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